[1] Motivated by observations in the 2008 M w 7.9 Wenchuan earthquake, we study effects of systematic changes in the principal stress orientation along the fault strike on rupture dynamics and ground motion using a 3-D finite-element method. Based on Anderson's theory of faulting, we set up the initial stress field with rotations in stress orientations along strike for a dynamic rupture model of a shallow dipping fault. We find that initial stress rotations along strike can cause dramatic changes in rupture speed and produce distinct patterns in slip distribution and peak ground motion. When a mismatch (unfavorable for faulting) between fault geometry and initial stress orientations is encountered, rupture can spontaneously stop. Some first-order features in the Wenchuan event may be partially caused by rotations in the principal stress orientation along strike, such as the rupture arrest at the northeast end and two severe destruction zones in the observed seismic intensity distribution. These results may have important implications for assessing seismic hazards imposed by faults with changes in the initial stress field along strike worldwide. 
Introduction
[2] The rupture process of the 12 May 2008 M w 7.9 Wenchuan (China) earthquake was complex. Various kinematic inversion studies [e.g., Ji et al., 2008; Wang et al., 2008; Zhang et al., 2009; N. Nishimura and Y. Yagi, unpublished manuscript, 2008 (http://www.geol.tsukuba.ac.jp/ ∼nisimura/20080512/)] demonstrate that systematic changes in faulting style along strike occurred in this event. For example, Zhang et al. [2009] inverted 48 worldwide stations of long-period waveform data and found that the rupture started as thrust faulting in the southwest portion, changed to oblique faulting with comparable thrust and right-lateral strike-slip components as it progressed northeastward, and became predominately strike-slip faulting at the northeast end. Field investigations reveal that surface rupture from the event also exhibits the above feature of faulting style changes along strike Liu-Zeng et al., 2009] .
[3] Complex fault geometry was suggested as the cause for the 2002 Denali fault rupture to transfer from oblique faulting on the Susitna Glacier fault (NE trending) to predominantly strike-slip motion on the Denali fault (EW trending) [Aagaard et al., 2004] . In that study, a uniform initial stress field is resolved onto differently oriented fault segments, resulting in changes in faulting style. However, the orientation of the Beichuan fault in the Wenchuan earthquake is essentially northeast. There are not significantly long fault segments departing from this trend.
Stepovers/bends along strike ] may cause local changes in faulting style that are present in some kinematic source models, but they cannot result in the above largescale, systematic changes. Furthermore, a single, planar dipping fault was used in some kinematic inversions [Zhang et al., 2009; Nishimura and Yagi, unpublished manuscript, 2008] , while these kinematic models exhibit the above changes in faulting style. Therefore, complex fault geometry may not be the primary cause for the large-scale, systematic faulting style changes in the Wenchuan earthquake.
[4] Rotations of the principal stress field along strike prior to the Wenchuan earthquake likely play dominant roles in the faulting style changes. Changes in the orientation of the principal stress field along the Beichuan fault have been inferred from a shear wave splitting analysis and a study on active fault slickensides [Du et al., 2009a] . Liu et al. [2008] analyzed seismic data recorded by a movable seismic array in the western Sichuan that was deployed from October 2006 to June 2008. They found that within the Longmen Shan fault zone, the fast-wave direction is perpendicular to the faults in the south part, and it becomes parallel to the faults in the north part. This finding strongly suggests that the maximum horizontal compressive stress (s 1 ) makes a very high angle to the fault trace (favoring thrust faulting) in the south portion of the Wenchuan rupture, the angle becomes shallower to the north (favoring oblique faulting), and it becomes very small (favoring predominantly strike-slip faulting) at the end of the rupture. Du et al. [2009a] analyzed measurements of 311 active fault slickensides and found a similar trend of s 1 rotations along the Beichuan fault. Rotations of the principal stress field along strike may be a result of com-plex material movements along the east edge of the Tibet plateau.
[5] Initial stress field, fault geometry, and friction laws are three major ingredients of a dynamic source model [Harris et al., 2009] . Effects of complex fault geometry on rupture dynamics and near-field ground motion have been a focus of recent studies [e.g., Harris and Day, 1993; Aochi et al., 2000; Kame et al., 2003; Duan and Oglesby, 2005 , 2007 . Uniform regional stress field, which is resolved onto differently oriented fault segments, is usually assumed in these studies. The role of systematic rotations of the principal stress field along strike in rupture dynamics has not been explored in the literature, although effects of stochastic fault stress have been examined [Oglesby and Day, 2002] . This study attempts to fill this gap by a case study motivated by the observations in the Wenchuan earthquake. Understanding roles of stress rotations along strike in rupture propagation and ground motion may have important implications for assessing seismic hazards imposed by faults with stress rotations along strike worldwide. We build our target model on the basis of some observations in the Wenchuan earthquake, specifically the stress rotations along strike and the shallow dipping fault geometry at depth. However, we do not attempt to build a comprehensive dynamic source model for the earthquake, which is beyond the scope of this study.
Model
[6] Figure 1 shows the fault geometry, the coordinate system, and the orientation of the maximum horizontal compressive stress s 1 in the target model OBLIQUE. A planar dipping fault with a dip angle b = 33°(e.g., Nishimura and Yagi, unpublished manuscript, 2008) is embedded in a uniform 3-D half-space with a flat surface. The fault is 300 km long along strike and 40 km wide downdip. The fault strike coincides with the x axis of the coordinate system. Although this fault geometry is a significantly simplified representation of the actual complex fault geometry in the Wenchuan earthquake, it captures the feature of shallow dipping angle at depth and fits teleseismic data well (e.g., Nishimura and Yagi, unpublished manuscript, 2008) . On the basis of current understanding of stress distribution in the upper crust, we set up initial stresses on the fault plane, including normal, strike-slip shear, and dipslip shear stresses, in our target model OBLIQUE. Several simple principles are adopted. First, we start from the principal stress components of the initial stress field. Relative sizes and orientations of three principal stress components are chosen based on Anderson's theory of faulting [Anderson, 1951] to produce the desired faulting style on fault segments. Second, we take into account the depth dependence of the stress field and pore fluid effects. Thus, the magnitude of effective principal stress components increases with depth. Third, initial fault stresses at a fault point are obtained by resolving the above effective principal stress field onto the fault plane.
[7] As a simple case and a first-order approximation to the changes in the stress orientation observed in the Wenchuan earthquake, we assume that the principal stress field rotates at x = 50 km and x = −100 km along the strike (Figure 1 ), separating the 300 km long fault into the SW 100 km long, middle 150 km long, and NE 50 km long segments (denoted, respectively, SWS, MDS, and NES). The orientation of the principal stress field is characterized by the angle a between the maximum horizontal compressive stress Figure 1 . Fault geometry, the coordinate system, and the most compressive horizontal stress (s 1 ) orientations in the target model OBLIQUE in this study. a is the angle between s 1 and the fault trace and is 90°, 60°, and 30°on three segments of the fault, respectively. The dip angle of the fault is b = 33°. The fault is 300 km long along strike and 40 km wide along the dip direction. The star is hypocenter in simulated ruptures, which is at an along-strike distance of 125 km and a vertical depth of 10 km. s 1 and the fault trace. The angle a is chosen to be 90°, 60°, and 30°, respectively, for the above three segments, resulting in pure-thrust, oblique (thrust and strike-slip), and predominantly strike-slip faulting on SWS, MDS, and NES, respectively.
[8] The principal stress components at a fault point are calculated as follows [e.g., Ranalli, 1995] . First, the vertical principal stress component is assumed to be lithostatic:
where r, g, and z are density, gravity, and depth, respectively. Second, a stress ratio R is defined by a nominal frictional coefficient m 0 that characterizes the initial stress state on the fault plane:
where s max and s min are the maximum and minimum principal stresses, respectively. Taking compressive stress as positive, we will always have s max = s 1 in this study, while s min can be s 2 or s 3 , depending on faulting style. Third, choices of s 2 are made so that all three principal stress components can be determined. The choice of s 2 is somewhat arbitrary. We choose s 2 = s 3 for pure thrust fault on SWS and oblique MDS faulting on MDS, and s 2 = 2 1þR s 3 for predominantly strike-slip faulting on NES. The coefficient 2/(1 + R) here comes from the fact that the vertical principal stress s 3 is the intermediate stress for strike-slip faulting, and it is equal to s 2 + d(s 1 − s 2 ) with a special value of the coefficient d = 1/2. The above choice of s 2 results in s 1 = Rs 3 on segments of SWS and MDS and s 1 = 2R 1þR s 3 on NES. We remark that at a given depth along the fault strike, the magnitudes of s 1 and s 2 on NES are different from those on SWS and MDS in the model, although the magnitude of s 3 is same. This is a consequence of different roles of the vertical principal stress s 3 in different faulting styles [Anderson, 1951] , while s 3 is the basis in determining the magnitude of s 1 and s 2 as above. . Stresses (MPa) on the fault plane in two models: (left) OBLIQUE and (right) THRUST. s n , t s , t d , and Dt are initial normal (magnitude), initial strike-slip (right-lateral) shear, initial dip-slip (thrust) shear stresses, and shear stress change (final minus initial), respectively. Along-strike profiles are at downdip depth of 20 km, and downdip sections are at along-strike distance of 0 km. Initial yield stress is the product of initial normal stress and static frictional coefficient. Three stress regimes along strike exist in OBLIQUE. The star denotes the hypocenter.
[9] Taking into account pore fluid pressure p f = ls 3 = lrgz, where l is the ratio between fluid pressure and lithostatic stress, we obtain effective principal stresses as Fault stresses, including normal s n , strike-slip shear t s , and dip-slip shear t d components, can be obtained by resolving the above effective principal stress field at a fault point onto the fault plane. Notice that even without any changes in the magnitude of the three principal stress components at a given depth from SWS to MDS, the magnitude of the resolved fault stress components changes at the junction between SWS and MDS (Figure 2 , left) due to the rotation of the two horizontal principal stress components.
[10] In dry rock, l = 0; while l ! 0.9 can be reached in water-saturated sediments. We choose l = 0.7 in this study to produce slip amplitude comparable with that obtained from kinematic inversions for the Wenchuan earthquake . Split nodes of a dipping fault element surface. A local coordinate system with three axes coinciding with three unit vectors of the fault surface (normal n, strike s, and dip d), rather than the global coordinate system (x, y, z), is used to implement the traction-at-split-node approach in EQdyna. The fault is normally an idealized mathematical plane for shear sliding. It is shown as two separated planes for split-node illustration purpose. (e.g., Nishimura and Yagi, unpublished manuscript, 2008) . This results in the pore pressure in the model being above hydrostatic. We choose m 0 = 0.5, which gives R = 2.62 by equation (2). This value of R is used from the surface to the hypocenter depth (10 km vertically, or 18.36 km along the downdip direction), below which R linearly decreases to 2.3 at the bottom of the fault to avoid dramatic increase in stress drop on the deeper portion of the fault, which might result in unrealistic large slip at the bottom of the fault.
[11] The initial fault stresses in the target model OBLIQUE obtained by the above procedure and parameters are shown in Figure 2 (left). To facilitate examination of . Snapshots of (left) the thrust slip rate and (right) the strike-slip rate for (a) OBLIQUE and (b) THRUST at 20, 40, 60, and 80 s. Rake rotation near the free surface (nonzero strike-slip velocity) is obvious in THRUST. A gentle slope of the rupture front and a low slip velocity zone near the surface at later times can be observed in OBLIQUE.
effects of the stress rotations, we also perform a dynamic simulation on a model THRUST as a reference. In THRUST, the initial stress field along the strike does not rotate and the principal stress field of SWS in OBLIQUE is applied along the entire length of the fault (Figure 2 , right). Normal and shear fault stresses in both models increase with depth, with the exception of zero strike-slip shear stress in THRUST on the entire fault. Notice that the only difference between OBLIQUE and THRUST is in the initial stress field as discussed above, and all other parameters are exactly the same.
[12] Two stress profiles are also shown in Figure 2 . One is along the horizontal central line (Figure 2 , second from bottom), and the other is the vertical central line (Figure 2 , bottom) on the fault plane. In Figure 2 , shear stress is the vector magnitude of the two shear traction components (t s and t d ) on the fault, and yield stress is the product of normal stress and static friction coefficient m s . Given uniformly distributed m s on the entire fault, yield stress is a proxy for normal stress. It can be seen that strength excess, which is the difference between initial yield and initial shear stresses at a fault point, is much larger on NES compared with that on SWS and MDS in OBLIQUE. Final shear stress at the termination of dynamic simulations is also displayed in Figure 2 . Shear stress changes Dt (final minus initial) on the entire fault plane due to dynamic rupture are also given in Figure 2 .
[13] A time-weakening frictional law [Andrews, 2004] , shown in Figure 3 , is used in this study. In this frictional model, the frictional coefficient drops from a static value m s at the time shear stress reaches yield stress to a dynamic value m d over a critical time period T 0 . This time-weakening law with a constant T 0 is equivalent to widely used slipweakening frictional laws in which frictional coefficient is a function of slip rather than time: if off-fault material behaves elastically and stress drop on a fault plane is constant, it is equivalent to a linear slip-weakening law with the critical slip distance D 0 proportional to the square root of rupture length [Andrews, 2004] ; if off-fault material is allowed to yield (i.e., elastoplastic behavior), it is equivalent to a linear slip-weakening law with a constant D 0 [Duan and Day, 2008] . Because we assume that off-fault material behaves elastically in this study, the time-weakening law with a constant T 0 can avoid continuous shrinking of the cohesive zone width associated with a slip-weakening law with a constant D 0 [e.g., Day et al., 2005] or complexity in numerical calculations associated with a slip-weakening law with varying D 0 . A T 0 value of 0.72 s is used in this study, which is the time for an S wave to propagate five fault elements, to ensure good resolution of the cohesive zone at the rupture front [e.g., Day et al., 2005] .
[14] Homogeneous material with r = 2670 kg/m 3 , P wave velocity Vp = 6000 m/s, and S wave velocity Vs = 3464 m/s is assumed in the entire model to isolate effects of the initial stress rotations and the dipping fault geometry from other sources of complexity. These parameters and other computational parameters are summarized in Table 1 .
Method
[15] We use an explicit finite-element method EQdyna Oglesby, 2006, 2007; Duan and Day, 2008; Duan, 2008a Duan, , 2008b Harris et al., 2009 ] to simulate spontaneous rupture propagation on faults and wave propagation in the medium. The formulation of EQdyna follows standard finiteelement procedures [e.g., Hughes, 2000] with the addition of a treatment of faulting boundary condition. A general description of the formulation is given by Duan and Oglesby [2006] . Dalguer and Day [2006] showed that the accuracy of spontaneous rupture solutions largely depends on how the faulting boundary is treated. They found that the traction-atsplit-node (TSN) method works best among three schemes they examined. Early versions of EQdyna Oglesby, 2006, 2007] followed the implementation of TSN summarized by Andrews [1999] in which fault slip and slip rate are explicitly calculated. However, this implementation requires separate treatments for initiation of sliding, continuous sliding, and arrest of sliding. A new formulation of TSN proposed by Day et al. [2005] treats fault behavior at all times in a concise and robust framework. New versions of EQdyna [Duan, 2008a [Duan, , 2008b Duan and Day, 2008] follow this implementation of TSN. The most updated version of EQdyna used in this study adopts the OpenMP parallel programming technique to make use of modern chip multiprocessor systems [Wu et al., 2009] . The code has been verified in the Southern California Earthquake Center dynamic code validation exercise on a set of benchmark problems [Harris et al., 2009] . The most recent benchmark problems examine dynamic ruptures on a dipping (60°) normal fault with depth-dependent stress distribution on the fault.
[16] The implementation of TSN in the current version of EQdyna essentially follows that of Day et al. [2005] . In contrast to the formula given in a global coordinate system (x, y, z) by Day et al. [2005] , we solve for the trial traction between a pair of split nodes in a local coordinate system (n, s, d) defined by the unit normal, strike, and dip vectors of the fault plane (Figure 4) :
where d vn is the Dirac delta function, M, R v , _ u v , and u v with superscript plus and minus signs are mass, elastic restoring force, particle velocity, and particle displacement of plus-side and minus-side split nodes, respectively, T v 0 is the initial stress (in equilibrium), a is the area of the fault surface associated with the split node pair in consideration, and Dt is dynamic simulation time step. Similarly, the true traction is also defined in the local coordinate system as
Figure 9. Slip rate profiles along strike at downdip depths of 1, 10, 20, and 35 km at 70 s in OBLIQUE. Two rupture fronts (supershear and Rayleigh) at shallow depth result in a low slip rate zone between the two fronts.
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where
1/2 is the magnitude of shear stress on the fault plane, and t c is nonnegative frictional strength. Here, we consider the compressive normal stress as negative.
[17] For computational efficiency, we primarily use hexahedron elements in EQdyna. To accommodate complexity in fault geometry and velocity structure, we use the degeneration technique [e.g., Hughes, 2000 ] to obtain wedge elements and/or tetrahedron elements whenever necessary. For example, to accommodate the shallow dipping fault geometry in this study, we adopt wedge elements on the two sides of the fault plane. After degeneration, one hexahedron element is split into two wedge elements as illustrated in Figure 4 .
[18] A schematic version of the mesh used in this study is shown in Figure 5 , in which wedge elements only exist on the two sides of the fault plane. In this mesh, we introduce a buffer region surrounding the fault region to prevent reflections from the model edges (except the free surface) from propagating back to a space-time subdomain of interest. Split-node pairs along the three edges (except the top trace) of the 300 km × 40 km fault plane are pinned together by a high static friction coefficient m s (e.g., 1000). A nominal element size of 500 m, which is the grid spacing along the x (strike) and downdip directions of the fault plane, is used. This results in a grid spacing of 419.3 m along the y direction and a grid spacing of 272.3 m along the z direction in the fault region. If we take 10 grid intervals (i.e., 11 nodes) per shear wavelength, the highest frequency in seismic waves accurately simulated in this study is about 1.3 Hz. The element number in the models is about 47 million. With a dynamic simulation time step of 0.02 s and a termination time of 100 s, one dynamic simulation takes about 25 h and 42 GB memory to run on a SUN server with four dual-core AMD Opteron processors.
[19] In EQdyna, there are two mechanisms to initiate rupture, and both utilize the concept of a critical crack. One is to assign the initial shear stress within this nucleation patch to be higher than the yield stress. The other is to assign a fixed rupture velocity V 0 within this patch (i.e., within a circular patch with a radius of r c ) for expansion of the rupture front, which is adopted in this study. Outside of this nucleation patch, the rupture propagates spontaneously.
[20] Spontaneous rupture propagations are nonlinear problems. Since high-frequency components of the solution do not simply superimpose linearly on low-frequency components, the inevitable numerical inaccuracies at wavelengths near the resolution limit of the mesh, if not controlled, can potentially contaminate the solution at all space-time scales. We use stiffness-proportional Rayleigh damping [e.g., Figures 10a and 10b denote the slip direction of hanging wall relative to footwall. Slip rake rotation near the surface results in surface strike-slip rupture even for pure thrust faulting (in the sense of zero initial strike-slip shear stress).
Hughes, 2000; Duan and Oglesby, 2006; Duan and Day, 2008 ] to selectively damp wavelengths near the resolution limit of the numerical mesh. The damping coefficient q can be specified through a nondimensional parameter ", such that q = "Dt. See Table 1 for a summary of parameters used in this study.
Results
[21] We examine both dynamic rupture propagation and ground motion from the target model OBLIQUE and the reference model THRUST. We consider these models as generic faulting models in this section and discuss the implications of results, especially for the 2008 M w 7.9 Wenchuan earthquake, in the next section.
Dynamic Rupture Propagation 4.1.1. Rupture Speed and Slip Rate
[22] Effects of stress rotations on dynamic rupture propagation and fault slip rate are demonstrated by rupture time contours and slip rate snapshots on the fault plane in Figures 6  and 7 , respectively, and by time-space distributions of the slip rate magnitude and slip rate profiles at different downdip depths in Figures 8 and 9 , respectively. First, the stress rotation at the junction between SWS and MDS (x = 50 km) in OBLIQUE causes a dramatic change in rupture speed. The rupture accelerates near the free surface, while it decelerates at the bottom of the fault at this junction. This can be clearly seen by comparing rupture time contours between OBLIQUE and THRUST around the junction in Figure 6 . The change in rupture speed at the junction at different depths is further illustrated by the time-space plot of slip rate in Figure 8 . This results in a profound change in the shape of the rupture front (Figures 6 and 7) . The rupture front is relatively steep on SWS and becomes shallower on MDS in OBLIQUE.
[23] Second, the stress rotation at the above junction triggers a supershear rupture transition at shallow depth in OBLIQUE. Although rupture near the free surface is faster than that at depth on SWS ( Figure 6 ) in both OBLIQUE and THRUST, it is still subshear on SWS, and this feature holds along the entire length of the fault in THRUST. However, the rupture in OBLIQUE jumps to supershear at shallow depth when it passes through the junction, as shown in the time-space plot of slip rate at 1 km downdip depth in Figure 8 (top left). A manifestation of the supershear rupture after the junction is the development of two rupture fronts in OBLIQUE, as labeled in Figure 9 . One rupture front propagates at a speed above the shear wave speed (the supershear front) and the other at the Rayleigh wave speed (the Rayleigh front). Slip rate between the two fronts is relatively low, as shown in Figures 7-9 , from which we can see that supershear rupture occurs at downdip depth up to ∼20 km. The supershear front becomes stronger (i.e., the peak of slip rate increases) with depth in this depth range, while the Rayleigh front has no obvious change in strength with depth ( Figure 9 ). High-frequency noises seen in the profiles of the 10 and 20 km depths in Figure 9 may be associated with the strong supershear rupture front over the intermediate depth, which could generate a wide range of strong high-frequency seismic radiations. The finite size of numerical elements will result in some numerical noise even with the presence of the numerical damping mechanism in EQdyna.
[24] Third, the stress rotation at the junction between MDS and NES (x = −100 km) in OBLIQUE results in a spontaneous arrest of the rupture (Figure 6 ). The rupture essentially dies out at the junction on deeper parts of the fault, although it penetrates into NES near the free surface. The spontaneous arrest of the rupture appears to be caused by the higher strength excess along NES (Figure 2 ). This high strength excess results from the combination of the stress orientation and the shallow dipping fault geometry. If either the dip of the fault along NES is steep or the angle between the maximum compressive stress and the fault trace is big, the rupture would not stop there. Notice that we terminate the simulations at 100 s, at which the rupture in THRUST is still steadily propagating as it has not reached the northeast end of the fault.
[25] A common feature in the slipping-zone distribution in OBLIQUE and THRUST from Figures 7-9 is that the slipping area on the fault plane at a given time decreases with depth. This appears to be associated with the depthdependent stress distribution, which results in larger strength excesses on deeper parts of the fault (Figure 2, bottom) .
Slip Distribution and Stress Drop
[26] Slip distribution on the fault plane is shown in Figure 10 . The slip direction (motion of hanging wall relative to footwall) is displayed by arrows. The slip distribution on the fault plane in THURST (Figure 10a ) is typical for a dynamic model with planar fault geometry and uniform stress distribution along strike: one slip patch develops, while the stress rotation between SWS and MDS at x = 50 km in OBLIQUE results in two large slip patches with reduced slip in between (Figure 10b ). It is clear that different principal stress orientations along SWS and MDS produce different faulting styles on the two fault segments (arrows in Figures 10a and 10b) . At the junction between MDS and NES, slip penetrates farther onto NES near the free surface, while it stops at depth. These features are also observed in surface rupture. In OBLIQUE (Figure 10c ), two peaks exist in magnitude of surface slip, and surface slip penetrates onto NES for several tens of kilometers.
[27] Profound slip rake rotation near the free surface can be clearly seen in surface rupture of THRUST (Figure 10d ) and along SWS of OBLIQUE (Figure 10c by dynamic stresses that are in a different direction than the static stresses.
[28] The above slip distributions in the two models correlate well with the stress drop distributions shown in Figure 2 . One large stress drop patch develops in THRUST, while two large stress drop patches develop in OBLIQUE, with reduced stress drop in between. Shear stress increases dramatically at the northeast end of the rupture in OBLIQUE: a red zone with stress increase of 5 MPa or larger is very narrow at deeper parts of the fault and expands laterally toward the free surface. This zone is terminated below the surface due to the slip penetration. Notice that a large shear stress increase zone at the NE end of the THRUST rupture is associated with the propagating rupture.
Ground Motion 4.2.1. Wave Propagation
[29] Snapshots of horizontal and vertical ground velocity from OBLIQUE and THRUST are compared in Figure 11 . Ground motion is exactly same at 20 s and is similar at 40 s between the two models. At both times, both strongest horizontal and vertical ground shaking are associated with the rupture front, which propagates at nearly Rayleigh wave speed. Wavefields at 60 and 80 s in THRUST exhibit the seismic radiation field of a steadily propagating rupture at a subshear speed. On the other hand, wavefields at these times in OBLIQUE show several prominent features that are associated with changes in rupture speed at the junction between SWS and MDS (x = 50 km). First, the strongest horizontal ground shaking is associated with the supershear rupture front, while the strongest vertical ground shaking is associated with the Rayleigh rupture front. Second, a ringlike zone in ground velocity centered at the junction is clearly seen at 60 s and is also discernible at 80 s (Figure 11, arrow) , which is absent in THRUST. This wave is emitted by the transition from pure thrust to oblique faulting at x = 50 km, where the rupture speed changes dramatically. It is obvious that large ground shaking is concentrated on the hanging wall side of the fault, which is an effect of dipping fault geometry on near-field ground motion [e.g., Oglesby et al., 2000] .
Peak Ground Motion
[30] Low-frequency (i.e., up to 1.3 Hz) peak ground acceleration (PGA), peak ground velocity (PGV), and final surface displacement field are shown in Figures 12-14 , respectively. The straight line in these figures denotes the fault trace. By comparing these quantities from OBLIQUE and THRUST, we find that two prominent features are associated with the stress rotation at x = 50 km between SWS and MDS. First, two patches of large ground displacement (Figure 14 ) develop in OBLIQUE, particularly in the vertical component and the vector magnitude. This distribution in ground displacement correlates well with the slip distribution on the fault, and both are caused by the stress rotation at x = 50 km. Second, in addition to large PGA along the fault trace, there is a zone (Figure 12 , arrows) with relatively large PGA extending from the fault trace at the junction between SWS and MDS to the hanging wall side of the fault (negative Figure 13 . Three components and magnitude of PGV from (left) OBLIQUE and (right) THRUST. See legend to Figure 11 for the symbols.
across-fault distance) in OBLIQUE. This zone can be seen in x and z components and the vector magnitude. It appears that this feature is an effect of the stress rotation at x = 50 km on PGA because this feature is absent in THRUST. Contrast in ground velocity between the hanging wall and footwall can be observed in PGV (Figure 13 ). Once again, this is an effect of dipping fault geometry on near-field ground motion [e.g., Oglesby et al., 2000] .
Waveforms
[31] Effects of the stress rotation between SWS and MDS on waveforms can be seen in Figure 15 , which shows time histories of acceleration and velocity from OBLIQUE (dashed lines) and THRUST (solid lines) at four selected stations. The four stations are along the profile of x = −25 km. Two of them are on the footwall with distances from the fault trace of 1 and 10 km, respectively. The other two (negative values in y coordinate) are on the hanging wall and are symmetric with the above two stations about the fault trace. The time range in Figure 15 is between 45 and 75 s. Two distinct features in the waveforms of OBLIQUE are associated with the stress rotation at x = 50 km. One is the enhanced high-frequency content (more wiggles and/or kinks) in the waveforms at these near-field stations. These overall enhanced high-frequency ground motions are primarily caused by supershear rupture propagation on MDS due to the stress rotation. The other feature is that there are late arrivals in waveforms. These late arrivals are high-frequency radiations from the junction between SWS and MDS on the fault and they primarily appear in the acceleration waveforms. Larger ground motion on the hanging wall (negative y coordinate values) and a slower rate of decay away from the fault trace (y = 0 km) compared with those on the footwall are clearly seen in these waveforms in both models. This is primarily the effect of the shallow dipping fault geometry [e.g., Oglesby et al., 2000] .
Discussion
[32] The target model OBLIQUE is motivated by observations of the 2008 Wenchuan earthquake. Although OBLIQUE is a significantly simplified dynamic model compared with observations of the earthquake, it captures two important factors, namely dipping fault geometry and initial stress rotations along strike, which appear to dominate some first-order features in rupture propagation and nearfield ground motion in the event. Here, we mainly examine implications of the results from OBLIQUE for the Wenchuan earthquake. We also discuss some general implications of the results in a broader context. [33] In our model OBLIQUE, the 300 km long and 40 km wide fault is pinned at the two lateral boundaries and the bottom boundary by very high static friction (thus very high frictional strength). Thus, the model does not provide any information about why rupture stops at the southwest end of the Wenchuan earthquake. However, the rupture spontaneously stops at the junction (x = −100 km) between MDS and NES in OBLIQUE before reaching the artificial fault boundary at x = −150 km. This spontaneous arrest of rupture in OBLIQUE results from a mismatch between the initial stress orientation (a small angle a = 30°) and the fault geometry (a shallow dipping angle b = 33°) on NES. Should either (but not both) of the two angles be close to 90°, the rupture will not stop there. A small angle of a at the northeast end of the Wenchuan rupture is suggested by a shear wave splitting analysis and a study on active fault slickensides [Du et al., 2009a] . A shallow dip angle at depth is also very likely, though the dip near surface may be steep [e.g., Burchfiel et al., 2008] . Therefore, our model OBLIQUE suggests that a mismatch between the initial stress orientation and the fault geometry may be the cause for rupture to stop at the northeast end in the Wenchuan earthquake.
[34] This mechanism for rupture arrest can be easily understood by means of Anderson's theory of faulting. However, application of this mechanism to seismic hazard analysis has not drawn much attention in practice. Because both fault geometry and initial stress orientation can be inferred from geological and geophysical observations, such as seismic imaging for fault geometry and shear wave splitting for stress orientation, this mechanism can be used in seismic hazard analysis to assess the rupture extent from future large earthquakes.
Ground Motion and Seismic Intensity
[35] Distribution of ground motion in our model OBLIQUE may explain some features in ground motion and seismic intensity observations from the Wenchuan earthquake. Two of them may be direct consequences of the stress rotation between the southwest segment and the middle segment of the ruptured fault in the event. First, a contour plot of PGA from the Wenchuan recordings exhibits a relatively large PGA zone extending from the fault trace onto the hanging wall (Z. Wang, unpublished manuscript, 2008) (http://peer. berkeley.edu/events/ 2008/2008-18-08_ Wenchuan-Seminar/ presentations/ZifaWang-SFO-public.pdf). This feature correlates well with the zone extending from the junction of SWS and MDS on the fault to the hanging wall in OBLIQUE (Figure 12, arrows) . Second, the China Earthquake Administration reported that there are two severe destruction zones with a lower-level destruction zone in between in the seismic intensity distribution of the earthquake (http://www.cea.gov. cn/manage/html/8a8587881632fa5c0116674a018300cf/ _content/08_09/01/1220238314350.html). This pattern correlates well with the pattern of two large displacement patches from OBLIQUE ( Figure 14) . [36] The China Earthquake Administration also reported that the destruction level is higher on the northwest side of the fault than on the southeast side and decay of the destruction level from the fault trace is slower on the former than on the latter. This asymmetry can be explained by asymmetric ground motion between the hanging wall and footwall of the westward dipping fault as shown in our models, which is a consequence of dipping fault geometry and has been documented by previous studies of dip-slip faulting [e.g., Oglesby et al., 2000] . Contrasts in the destruction level among several cities, including Wenchuan, Beichuan, and Chengdu, can also be understood by peak ground motion distribution from our models (Figures 12-14) .
Surface Rupture and Slip at Depth
[37] Slip rake rotation near the free surface in dip-slip faulting has been studied by Oglesby and coworkers [Oglesby et al., 2000; Oglesby and Day, 2001 ]. This feature is reproduced along the entire fault length in THRUST and along SWS in OBLIQUE in this study. An implication of this result for the Wenchuan earthquake is that one should be cautious in inferring slip direction at depth (thus faulting style) from surface rupture, as the direction of slip vector at the surface may be significantly different from that at depth. For example, right-lateral slip of 1-2 m is observed at several locations along the southwest segment of the Benchuan fault [Liu-Zeng et al., 2009] . This strike-slip component may be mainly due to slip rake rotation near the free surface of pure thrust faulting at depth on the segment.
[38] Another implication of OBLIQUE for the Wenchuan earthquake in slip distribution is the difference between the extent of surface rupture and subsurface slip. Subsurface slip may terminate earlier before surface rupture stops, resulting in a shorter subsurface rupture extent along the Beichuan fault in the Wenchuan event. We acknowledge that this can be complicated by heterogeneous material and/or frictional properties, which are absent in our model OBLIQUE. Despite this inconsistency in the extent, variations along strike in magnitude of surface rupture and slip at depth correlate very well in OBLIQUE (Figure 10 ). For example, the junction between SWS and MDS (x = 50 km) is the location with reduced slip at both surface and depth.
Supershear Rupture Associated with Strike-Slip Faulting
[39] With a significant amount of strike-slip component such as that along MDS in OBLIQUE, rupture tends to become supershear if the fault plane is relatively smooth. Recent observations of supershear rupture mainly come from strike-slip events [e.g., Bouchon and Karabulut, 2008] . Furthermore, our model OBLIQUE suggests that supershear rupture may preferentially occur at shallow to intermediate depths (i.e., from the free surface to about 10 km vertical depth), while rupture along deeper portion of the fault may be still subshear. Du et al. [2009b] analyzed the temporal and spatial variation of high-frequency (>0.1 Hz) energy radiation sources from the Wenchuan event using broadband seismic data of the Alaska regional network. They found that supershear rupture may occur during the second half of the rupture process. If this did happen in the earthquake, our model OBLIQUE may provide a mechanism for this phenomenon.
Conclusions
[40] Rotations of the initial stress field along strike can have large effects on rupture propagation and near-field ground motion in a large earthquake, such as the 2008 M w 7.9 Wenchuan earthquake. Given shallow dipping fault geometry, rotations of the initial stress field from high angles between the most compressive horizontal stress and the fault trace to low angles can result in dramatic changes in rupture speed and the shape of rupture front and can even stop the rupture. These changes in rupture propagation can cause distinct features in near-field ground motion. Some first-order features in the Wenchuan earthquake, such as the arrest of the rupture at the northeast end, may be primarily induced by rotations in the initial stress field. Understanding these effects has important implications for earthquake source physics and seismic hazard analysis in earthquakeprone areas with complex tectonic environments.
